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Edited by Michael R. SussmanAbstract RNA editing in ﬂowering plant mitochondria alters
numerous C nucleotides in a given mRNA molecule to U resi-
dues. To investigate whether neighbouring editing sites can inﬂu-
ence each other we analyzed in vitro RNA editing of two sites
spaced 30 nt apart. Deletion and competition experiments show
that these two sites carry independent essential speciﬁcity deter-
minants in the respective upstream 20–30 nucleotides. However,
deletion of a an upstream sequence region promoting editing of
the upstream site concomitantly decreases RNA editing of the
second site 50–70 nucleotides downstream. This result suggests
that supporting cis-/trans-interactions can be eﬀective over larger
distances and can aﬀect more than one editing event.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Plant mitochondria; RNA editing; Mitochondrial
RNA1. Introduction
RNA editing was ﬁrst recognized in plant mitochondria and
chloroplasts as a post-transcriptional process altering mostly C
to U nucleotide identities in mRNAs and tRNAs. The more
than 400 sites found in mitochondria in the mRNAs for only
53 genes imply that many sites are located relatively near each
other [1]. This raises the question of whether these sites are ad-
dressed independently, collectively or consecutively.
Analysis of in vivo RNA editing in transgenic chloroplasts
with individual gene fragments suggested that single sites can
be edited faithfully, which is expected from their usually large
distances from each other [2–6]. The development of reliable
in vitro RNA editing activities for chloroplasts [7–9] and mito-
chondria [10,11] as well as in organello editing [12–15] in the
past few years, has accelerated progress towards elucidating
the cis-requirements. For plant mitochondria, in vitro RNA
editing in pea lysates and in organello editing in wheat show
that for some editing events only about 15–30 nucleotides
are necessary upstream and very few or none downstream.
These delineations of template requirements in a given mRNA
template in plant mitochondria extend previous conclusions
about the minimal recognition sequences from recombined
transcript regions [16].
RNA editing on the template mRNA molecule appears to
progress by site-by-site target recognition rather than a scan-*Corresponding author. Fax: +49 731 502 2626.
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doi:10.1016/j.febslet.2005.12.011ning process along the RNA molecule. This conclusion is
based on the identiﬁcation of cDNA clones edited at only some
of the sites. The identity of these sites varies, which – suppos-
ing that these partially edited sites are editing intermediates –
suggests that the editing activity attaches to the RNA
molecules in numerous rounds at individual sites. Transfec-
tions of isolated mitochondria with cox2 gene sequences also
yielded partially edited mRNA molecules, in which several
sites are not edited in all or some RNA molecules [12–15].
To gather more direct data about editing site recognition we
have now investigated whether neighbouring editing sites can
inﬂuence each other. The interdependence of two sites in the
atp9 mRNA separated by only 30 nucleotides was analyzed
in an in vitro system from cauliﬂower mitochondria [17].2. Materials and methods
2.1. Preparation of mitochondrial extracts
Heads of cauliﬂower were purchased at local markets. About 900 g
of the top tissues of the inﬂorescences were harvested, manually
chopped into small pieces and homogenized in a blender. Mitochon-
dria where puriﬁed by diﬀerential centrifugation steps and a Percoll
gradient [10]. Four-hundred milligrams of isolated mitochondria were
lysed in 1200 ll extraction buﬀer [0.3 M HEPES-KOH, pH 7.7, 3 mM
Mg-acetate, 2 M KCl and 2 mM dithiothreitol (DTT)] containing 0.2%
Triton X-100. After 30 min incubation on ice, the lysate was centri-
fuged at 22000 · g for 20 min. The supernatant was recovered and dia-
lyzed against 5 · 100 ml dialysis buﬀer (30 mM HEPES-KOH, pH 7.7,
3 mM Mg-acetate, 45 mM K-acetate, 30 mM ammonium acetate and
10% glycerol) for a total of 5 h. All steps were carried out at 4 C.
The resulting extract (10–20 lg protein/ll) was rapidly frozen in liquid
nitrogen. Mitochondrial lysates from pea seedlings (Pisum sativum L.,
var) were prepared as described [10].
2.2. RNA substrates
DNA clones (patp9) were constructed in an adapted pBluescript
SK+ vector to allow run-oﬀ transcription of the editing template
RNA as described [10]. Deletion clones were shortened by removing
original mitochondrial sequences as indicated in the respective experi-
ments. The outside bacterial anchors for PCR ampliﬁcation accord-
ingly moved closer to the editing sites. Coincidental nucleotide
similarities between these and the substituted mitochondrial sequences
as well as potential secondary structures were taken into consideration
when evaluating nucleotide requirements for RNA editing.
2.3. In vitro RNA editing reactions
The in vitro RNA editing reactions were performed as described
[10]. After incubation, template sequences were ampliﬁed by RT-
PCR, the upstream primer labelled with the Cy5 ﬂuorophor. RNA
editing activity was detected by mismatch analysis employing the
TDG enzyme activity (thymine DNA glycosylase, Trevigen). The
TDG treated fragments were separated on 7.5% polyacrylamide gels
containing 8 M urea at 900 V for about 400 min. The Cy5 ﬂuorescence
was scanned and displayed using an ALF express DNA sequencer
(Amersham).blished by Elsevier B.V. All rights reserved.
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the linear sensitivity of the TDG assay as determined experimentally
and the relative amounts of cut fragments (3–7%) thus reﬂect the
amount of the in vitro editing activity within this window (about 1–
25% [10]).
The eﬃciency of the in vitro RNA editing reaction was quantiﬁed by
comparing the areas under the peaks of the cleaved and uncut DNA
fragments. The ratio of cleaved, i.e., edited, fragment to uncut DNA
was used to determine relative eﬃciencies of the investigated condi-
tions in each experiment. To allow comparisons and to determine
the variation between individual experiments, the ratios of cleaved to
uncleaved fragments were displayed as percentages of the standard
reaction results.
2.4. Generation of mutant substrates
The 5 0 deletion mutants were constructed by inverted PCR from
patp9 with primers 40, 20, 10 and 0, respectively, on the one
side and primer invertion1 on the other. The resulting fragments were
digested with EcoRI to generate sticky ends in the primer contained
EcoRI recognition site and were self-ligated.
2.5. Competition assays
Wild type competitor RNA was synthesized from the PCR product
ampliﬁedwith primersT7 and+10 from the diﬀerent atp9deletion clones
indicated in the ﬁgures. An entirely plasmid derived control RNA was
synthesized from the PCR product ampliﬁed from pBluescriptIISK+
with T7 and SK primers. One hundred attomol of substrate and 1500
times (150 fmol) competitor RNA were ﬁrst mixed and then incubated
with the mitochondrial in vitro assay as described above.3. Results
3.1. Detection of two adjacent editing sites in one template
In the plant atp9 mRNA the ﬁrst editing site in the open
reading frame is located 19 nucleotides downstream of theFig. 1. Two neighbouring RNA editing sites are processed in an in vitro lys
sequence alignment of the ﬁrst two editing sites (1st and 2nd) in the atp9mRN
are shown by large bold letters, the upstream editing site (1st) of the top line p
in the lower part. In all experiments template RNAs are oriented and number
For comparison of the templates used and to see the divergent sequence in the
with the pea (Pisum sativum) sequence and nucleotides identical between the t
tracing of a cauliﬂower template RNA containing both editing sites. The enla
The second site is detected usually at about 20–25% of the eﬃciency of the ﬁrs
conditions were 7.5% polyacrylamide gels containing 8 M urea run at 900 V fo
the scan gives the respective running times in the gel in minutes. Sizes of the R
site-speciﬁc products, respectively. Unspeciﬁc bands in the background appear
background probably results from the RT-PCR, TDG and denaturing stepsAUG codon. As depicted in Fig. 1A, this site is followed by
a second editing event 30 nucleotides further downstream.
The alignment shows that the respective upstream nucleotides
of the two edited nucleotides, which for the ﬁrst site have been
determined to harbour the recognition region [11], show no
primary sequence similarity. When a homologous template
RNA containing both RNA editing sites and 40 nucleotides
upstream of the ﬁrst site (covering all cis-determinants for this
site) is incubated with the mitochondrial lysate from cauli-
ﬂower, the ﬁrst and the second site are edited in vitro (Fig. 1B).
3.2. Editing of the second site depends on a species-speciﬁc
template
In the plant atp9 mRNA the ﬁrst editing site in the open
reading frame is located close to the AUG and the upstream
sequences in the 5 0-UTR vary between species (Fig. 1A). To
determine the inﬂuence of these species-speciﬁc sequences on
the in vitro reaction we compared editing at the second site
in template RNAs from cauliﬂower and pea, respectively
(Fig. 2).
Surprisingly in vitro RNA editing with the heterologous pea
atp9 template is much less eﬃcient than with the cauliﬂower
RNA: only in about one-third of the assays with the pea tem-
plate is the second site observed with conﬁdence, while the ﬁrst
site is consistently detected.3.3. Thirty nucleotides determine the second RNA editing site
In the homologous cauliﬂower atp9 template the activity of
the in vitro editing reaction at the second site is greatly dimin-
ished by deletion of the distant part of the ﬁrst site recognition
region, which harbours a sequence promoting editing at theate from cauliﬂower mitochondria (Brassica oleracea). (A) Nucleotide
A reveals no sequence similarity around the sites. The edited C residues
air is shown again in bold at the 0 position of the downstream site (2nd)
ed relative to the upstream site, the ﬁrst editing site in the atp9 mRNA.
region around 40/35, the native cauliﬂower sequence (cf) is aligned
wo are marked by bullets. The AUG codon is framed. (B) A sample gel
rged graph shows the section of the scan covering the two editing sites.
t site. The respective gel image for this tracing is shown on the right, gel
r about 400 min. Numbering on the left of the gel as well as underneath
T-PCR fragments are given in nucleotides for the uncut and the editing
optically more prominent in the gel image than in the actual scan. This
during the procedure.
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Fig. 2. Analysis of the cis-reqirements for in vitro RNA editing at the
second site. The atp9 sequences retained in the respective template
RNAs are indicated underneath each column. All templates contain
the second site at nucleotide +30 from the ﬁrst site. In the three series
of experiments summarized in this ﬁgure (ﬁve experiments for the cf
40/+49 template), editing at the ﬁrst site in a pea template RNA
covering 40/+49 is used as standard (column c). The deletion clones
are derived from the pea template which is identical to the cauliﬂower
sequence except for nucleotide +46. This diﬀerence 16 nucleotides
downstream of the monitored second editing site is considered unlikely
to be relevant for this editing event, since such downstream sequences
are usually not involved in editing site deﬁnition.
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40 and 20 relative to the ﬁrst site results in a drop of the
in vitro RNA editing eﬃciency at the second site by about
75%. A series of further deletion clones successively shortened
in steps of 10 nucleotides from the 5 0 end up to the ﬁrst site has
no further eﬀect upon editing at the second site. The second
editing site monitored here thus requires upstream only 30)fc( 01+/04-
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Fig. 3. Determination of competition for trans-factors between the respectiv
of the template atp9 RNA from cauliﬂower (cf; top line), the competitors fo
line), the dashed line indicating the diﬀerent sequence in pea. The competito
between pea and cauliﬂower. The respective editing sites are indicated by a bo
of its upstream sequence (40/+10) from cauliﬂower and pea, respectively
recognition sequence of the downstream site. The control c is run with
plasmid sequence is shown as sk. (C) The eﬀect on in vitro editing of the d
sequence (0/+49) and of the pea or cauliﬂower upstream site recognition snucleotides (or less) to sustain in vitro editing at a constant al-
beit low level. The heterologous pea template appears to con-
tain editing–inhibitory sequences in the unique region between
nucleotides 40 and 20 relative to the ﬁrst site, since the dele-
tion clones without this sequence are edited more eﬃciently
(Fig. 2).
3.4. Only the cognate recognition sequences compete a given
editing site
In vitro RNA editing at the ﬁrst site is inhibited by compet-
itor RNAs covering the ﬁrst site sequences with the cis-recog-
nition elements between 40 and +10 (Fig. 3B; 40/+10 cf).
Downstream sequences as in the competitor 0/+49 have, as
expected, little eﬀect on the in vitro reaction, since the cis-ele-
ments for this site reside almost exclusively upstream [11].
The second editing site on the other hand is inhibited by
competition with this latter 0/+49 RNA, further supporting
the conclusion from the deletion templates described above
that this region contains the cis-elements required for its recog-
nition.
3.5. A cauliﬂower speciﬁc sequence supports editing over 70
nucleotides across the ﬁrst editing site
To investigate whether the stimulating inﬂuence of the up-
stream element on in vitro editing of the second site is indeed
species-speciﬁc, we ﬁrst tested the eﬀect of adding an excess of
the pea upstream sequences covering nucleotides 40 to +10
relative to the ﬁrst site (Fig. 3C; 40/+10 pea). The result of
this experiment – no inhibition – allows three conclusions:
Firstly, the pea distal element does not compete with the cau-
liﬂower sequence. Secondly, the cis-element of the second site
does not seem to extend much further upstream beyond 20ts1 dn2
etis dn2
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r for the downstream site (bottom line) diﬀers only at nucleotide +46
ld C. (B) The upstream site is monitored for eﬀects by a 1500-fold excess
, and of the downstream region (0/+49), the latter containing the
out competitor and the eﬀect of a 1500-fold excess of a bacterial
ownstream site by 1500-fold competitor excess of its own recognition
equences (40/+10) is investigated.
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are included in this competitor and do not interfere. Thirdly,
the ﬁrst site recognition sequence has no detrimental eﬀect
on editing of the second site.
The enhancement of the reaction upon addition of the pea
competitor 40/+10 (Fig. 3C) reﬂects an unspeciﬁc RNA ef-
fect, possibly by binding inhibitory non-speciﬁc RNA binding
proteins, since a similar observation is made with unrelated
RNA derived from vector sequences (Fig. 3C; sk). The obser-
vation of a possibly editing–inhibitory sequence in the unique
region in the heterologous pea template between nucleotides
40 and 20 further supports the importance of this distant
region for editing at the second site (Fig. 2).3.6. The trans-factor addressing the cauliﬂower species-speciﬁc
long distance supporting sequence motif seems to be
abundant
In a further competition experiment the abundance of the
species-speciﬁc trans-factor interacting with the distal up-
stream element supporting in vitro editing of the second site
was investigated by adding excess homologous cauliﬂower se-
quences (Fig. 3C; 40/+10 cf). Editing of the second site was
not inﬂuenced although this competitor greatly reduced
in vitro editing of the ﬁrst site (Fig. 3B; 40/+10 cf). The result
that one but not the other can be competed, suggests that the
trans-factors promoting editing of the ﬁrst and second sites,
respectively, from this same distal region act or are distinct.4. Discussion
4.1. Editing sites are addressed individually
The template RNA constructs were designed to monitor two
neighbouring RNA editing sites in order to determine whether
access to these sites by the editing activity is connected or
whether contact is made individually. Deletion templates con-
taining only one or the respective other site show that either of
the two sites can be edited in the absence of the other. The dis-
tinct recognition elements for the two sites are separated by
about 5–10 nucleotides and presumably targetted individually
by speciﬁc trans-factors.
This observation furthermore implies that there is no overt
order in the alteration of the various nucleotides in a given
mRNA. An apparent hierarchy might become established by
the eﬀectiveness of individual speciﬁc trans-factors to attract
the hit-and-run editing complex and result in the observed par-
tially edited mRNAs in the mitochondrial steady state popula-
tion.
4.2. Speciﬁc trans-factors recognize neighbouring editing sites
The trans-factors attracting the RNA editing complex to the
respective nucleotide to be edited are diﬀerent for these neigh-
bouring sites. There is no sequence similarity between the
essential cis-regions which cover 23 nucleotides for the up-
stream and up to 30 nucleotides for the downstream site
(Fig. 1A). Experimentally, the cross-competition experiments
show that only the cognate sequence can interfere with editing
at either site (Fig. 3). The diﬀerent down-shifting with equal
amounts of competing RNA molecules likewise supports this
conclusion that the speciﬁcity factors for these two sites in
the atp9 mRNA are distinct.4.3. A species-speciﬁc editing-supporting sequence serves two
sites
Eﬃcient editing of the second site in the atp9 mRNA is ob-
served only with the 40/+49 cauliﬂower template RNA in the
cauliﬂower in vitro lysate, but not with the pea template and
with neither template in the pea system (Fig. 2 and data not
shown). This template includes the region at nucleotides
40/35, which was previously identiﬁed to increase editing
at the upstream site [17]. When this region is deleted or altered
as in the pea template, eﬃciency of the reaction drops dramat-
ically (Fig. 2). The native cauliﬂower template thus appears to
attract a trans-factor which can act over a distance of 50–70
nucleotides to boost the editing activity at the downstream site.
This cis-enhancer region can thus function for both neighbour-
ing editing sites.
The eﬀect is species-speciﬁc, since the diﬀerent pea support-
ive region (Fig. 1A) cannot substitute for the positive eﬀect of
the cauliﬂower element for the second site. The pea enhancer
region does however increase editing of the ﬁrst site in the cau-
liﬂower in vitro system [17], suggesting that this pea sequence
attracts in the cauliﬂower lysate (a) diﬀerent (for the ﬁrst site
positive) trans-agent(s). That in the cauliﬂower template two
distinct trans-factors may interact with the cognate cis-region,
is further supported by the result that the positive eﬀect of this
region can be titrated for the ﬁrst site, but not for the second
site. The nature and identity of these trans-factors remain to
be solved to determine the diﬀerential binding properties.Acknowledgements: We thank Dagmar Pruchner for excellent experi-
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